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Summary
Background Elucidation of the chain of disease transmission and identification of the source of coronavirus disease 
2019 (COVID-19) infections are crucial for effective disease containment. We describe an epidemiological investigation 
that, with use of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) serological assays, established links 
between three clusters of COVID-19.

Methods In Singapore, active case-finding and contact tracing were undertaken for all COVID-19 cases. Diagnosis for 
acute disease was confirmed with RT-PCR testing. When epidemiological information suggested that people might 
have been nodes of disease transmission but had recovered from illness, SARS-CoV-2 IgG serology testing was used 
to establish past infection.

Findings Three clusters of COVID-19, comprising 28 locally transmitted cases, were identified in Singapore; these 
clusters were from two churches (Church A and Church B) and a family gathering. The clusters in Church A and 
Church B were linked by an individual from Church A (A2), who transmitted SARS-CoV-2 infection to the primary 
case from Church B (F1) at a family gathering they both attended on Jan 25, 2020. All cases were confirmed by 
RT-PCR testing because they had active disease, except for A2, who at the time of testing had recovered from their 
illness and tested negative. This individual was eventually diagnosed with past infection by serological testing. ELISA 
assays showed an optical density of more than 1·4 for SARS-CoV-2 nucleoprotein and receptor binding domain 
antigens in titres up to 1/400, and viral neutralisation was noted in titres up to 1/320.

Interpretation Development and application of a serological assay has helped to establish connections between 
COVID-19 clusters in Singapore. Serological testing can have a crucial role in identifying convalescent cases or people 
with milder disease who might have been missed by other surveillance methods.

Funding National Research Foundation (Singapore), National Natural Science Foundation (China), and National 
Medical Research Council (Singapore).

Copyright © 2020 Elsevier Ltd. All rights reserved.

Introduction
As of April 15, 2020, more than 1·9 million cases of 
coronavirus disease 2019 (COVID-19), and more than 
120 000 deaths from the disease, have been recorded 
worldwide.1 Many initial cases reported outside of China 
were imported or were linked to travellers from China.2,3 
However, as community transmission has become 
widespread, the source of cases of COVID-19 in several 
countries has not been established.

In Singapore, a globally connected city-state in southeast 
Asia, health officials have attempted to contain the spread 
of COVID-19 through intensive epidemiological investi
gations coupled with isolation of cases and quarantine of 
close contacts. However, establishing the source of infec
tion to ascertain the possible extent of spread can be 
difficult, because scant epidemiological data might be 
available. Even when possible nodes of transmission are 
retrospectively identified through epidemiological investi
gations, nucleic acid-based tests would not be diag
nostically useful if these infected individuals have 

recovered and no longer shed the virus. Hence, serological 
tests are needed to identify convalescent cases and aid 
investigations and containment efforts.

We present findings of investigations from Jan 29 to 
Feb 24, 2020, that linked two people with COVID-19 from 
Wuhan, China, to three clusters of COVID-19 cases in 
Singapore. Serological testing had a crucial role in estab
lishing a link between clusters, showing its use in 
identifying convalescent COVID-19 cases and supporting 
epidemiological investigations.

Methods
Surveillance methods and identification of cases
In Singapore, several surveillance methods are used to 
identify people with COVID-19. On Jan 2, 2020, a suspect 
case-definition of COVID-19 was circulated to all doctors 
in Singapore;4 doctors are legally required to notify 
the Ministry of Health of cases of COVID-19.5 From 
Jan 31, 2020, Singapore began testing all patients 
with pneumonia in hospital for severe acute respiratory 
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syndrome coronavirus 2 (SARS-CoV-2); this testing was 
later expanded to include people with pneumonia in 
primary care. The diagnosis of COVID-19 is confirmed 
either by a respiratory sample testing positive for 
SARS-CoV-2 using a laboratory-based RT-PCR6 or by a 
serum sample testing positive for SARS-CoV-2 on sero
logical analysis.7

Once individuals with COVID-19 were identified, their 
activities from 14 days before symptom onset until they 
were isolated were mapped and their close contacts traced. 
Contact tracing before symptom onset was done to identify 
the source of exposure that led to the case being infected, 
allowing for further active case-finding around the source. 
Contact tracing after symptom onset until isolation was 
done to identify exposed individuals for quarantine to 
break the transmission chain. Both these approaches were 
part of the containment strategy. A close contact was 
defined as anyone who had prolonged contact within 2 m 
of the case. All close contacts with active or recent 
symptoms were tested, whereas those who were asymp
tomatic and exposed while the case was symptomatic were 
quarantined. Activity maps were reviewed and cross-
checked to establish potential exposures and identify 
possible epidemiological links between cases and clusters.

All epidemiological investigations and outbreak con
tainment measures were implemented under the 
Infectious Diseases Act,5 which allows use of data for 
analysis to control outbreaks.

Laboratory techniques
For laboratory confirmation of COVID-19, we did RT-PCR 
testing for SARS-CoV-2, using previously published 
methods.6 Two serological platforms were developed for 
confirmation of specific antibody responses to SARS-CoV-2 
in people with suspected infection or individuals with 
PCR-confirmed disease. A virus neutralisation test (VNT) 

was established at the Duke-National University of 
Singapore Medical School ABSL3 facility using a 
SARS-CoV-2 virus isolate (BetaCoV/Singapore/2/2020; 
GISAID accession number EPI_ISL_407987) cultured 
from a patient in Singapore; VNT was done using protocols 
previously published for severe acute respiratory syndrome 
coronavirus (SARS-CoV).7 For ELISA assays, we used 
recombinant nucleocapsid protein from SARS-CoV and 
SARS-CoV-2 expressed in mammalian cell culture using 
the pcDNA3.1 vector (ThermoFisher Scientific, Carlsbad, 
CA, USA), according to previously published methods,8 
and a recombinant receptor binding domain (RBD) of 
the SARS-CoV-2 spike protein custom-produced by a 
commercial provider (GenScript, Piscataway, NJ, USA). 
ELISA wells were coated with 100 ng of the respective 
protein per well and serum samples were used at dilutions 
from 1/50 to 1/400, followed by horseradish peroxidase-
conjugated goat anti-human IgG (Santa Cruz, Dallas, TX, 
USA) used at a dilution of 1/2000.

Role of the funding source
The funders had no role in study design, data collection, 
data analysis, data interpretation, or writing of the report. 
The corresponding author had full access to all data 
in the study and had final responsibility for the decision 
to submit for publication.

Results
As of April 6, 2020, Singapore had recorded 1375 cases of 
COVID-19, of which 554 were imported and 821 locally 
transmitted. Three clusters were identified that involved 
two churches (Church A and Church B) and one family 
gathering. These clusters comprised 28 locally transmitted 
cases. The clusters were linked to two travellers (W1 and 
W2) from Wuhan, China, who attended a church service 
at Church A on Jan 19, 2020 (figure 1). The clusters at 

Research in context

Evidence before this study
We searched PubMed on March 3, 2020, for reports on 
serological testing in individuals with coronavirus disease 2019 
(COVID-19). We used the keywords (“COVID-19”, OR 
“2019-nCoV”, OR “SARS-CoV-2”) AND (“serology” OR 
“serologic testing”). Our search did not identify any reports 
of the epidemiological application of serological tests in 
COVID-19. In one report, researchers described serological 
characteristics of COVID-19, and in other publications, 
researchers have commented on the potential importance 
of COVID-19 serological tests. In another study, epidemiological 
investigations were reported of the epidemic in Singapore, 
but serological methods had not been used.

Added value of this study
In our epidemiological investigation, we used RT-PCR and 
serological testing to diagnose cases of COVID-19 and 

establish links between clusters. RT-PCR testing alone 
is limited by its ability to detect convalescent cases of 
COVID-19, because RT-PCR can only detect severe acute 
respiratory syndrome coronavirus 2 during the period of viral 
shedding, which is the acute phase of infection. Serological 
testing can be useful in detecting previous infection in people 
with suspected infection who have recovered, assisting in 
epidemiological investigation and containment efforts.

Implications of all the available evidence
COVID-19 laboratory testing is focused on use of quantitative 
RT-PCR for diagnosis, and serological testing can be 
overlooked. We have highlighted the importance of serological 
testing for epidemiological investigation of COVID-19 cases, 
and we urge further development of serological testing 
capabilities.
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Church A and Church B were linked by one individual 
from Church A (A2), who probably transmitted the 
infection to the primary case of the Church B cluster (F1) 
at a family gathering on Jan 25, 2020. All cases were 
confirmed by RT-PCR testing, except for A2, who was 
diagnosed by serological testing.

The clusters at Church A and Church B were detected 
in early February and mid-February, respectively. 
Although W1 and W2 were diagnosed with COVID-19 at 
the end of January, their possible link to Church A was 
only discovered after the Church A cluster was identified, 
through investigation and repeat interviews.5 By that 
time, A2 had recovered from COVID-19 and was not 
immediately linked to either cluster. Family members 
who had been infected at the family gathering on 
Jan 25, 2020, were first linked to F1 and were initially 
regarded as part of the cluster at Church B. However, 
subsequent investigations into case histories indicated 
that the family cluster was a distinct cluster and that A2 
was most probably the missing link between the two 
church clusters; this idea was substantiated when A2’s 
serological results were confirmed to be positive.

Five locally transmitted cases of COVID-19 (A1–A5) 
were linked to Church A. These people attended a church 
service on Jan 19, 2020, the same day W1 and W2 visited 

the church. Although all five people had developed 
symptoms by Feb 2, 2020 (figure 2), only A1, A4, and A5 
were diagnosed (between Feb 6 and Feb 8, 2020), because 
they had been hospitalised for pneumonia and tested for 
SARS-CoV-2 as part of enhanced surveillance measures 
to test all patients admitted to hospital with pneumonia. 
A2 and A3 were not diagnosed when symptomatic in late 
January because their symptoms were mild and they did 
not meet the suspect case-definition at that time. A2 and 
A3 were tested only after mapping of activities and 
movements of other cases suggested that A2 could be the 
missing link between the clusters at Church A and 
Church B. An RT-PCR test of a nasopharyngeal specimen 
taken from A3 on Feb 18, 2020, was positive, although 
this individual had clinically recovered from the illness, 
which persisted from Jan 28 to Feb 10, 2020. Serological 
analysis of a serum sample obtained on the same day as 
the nasopharyngeal specimen was also positive. Although 
A2 had two negative RT-PCR tests, the serological result 
was positive, indicating past infection.

A2 and A3 attended a Chinese New Year family 
gathering on Jan 25, 2020, at the home of F1. Nine cases 
(A2, A3, and F1–F7) were linked to this family gathering. 
A2, whose symptoms started on Jan 23, 2020, was 
unwell at this event and most probably was the primary 

Figure 1: Transmission map of COVID-19
Map shows how COVID-19 was linked to two travellers from Wuhan, China, and two church clusters and a family gathering in Singapore. COVID-19=coronavirus 
disease 2019.
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Figure 2: Incubation period, 
duration of symptoms, and 

length of admission, from 
Jan 14 to Feb 26, 2020
Data for 30 people with 

coronavirus disease 2019 are 
shown. Individuals are 

labelled with cluster letter and 
number, age (years) and sex 

(M=male; F=female). Median 
age of affected individuals 

was 50·5 (IQR 25–79) years 
and half the cohort (15 of 30) 

were female.
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source of transmission. A3 developed symptoms later, 
on Jan 28, 2020, and was, therefore, unlikely to be the 
source of infection at this gathering.

17 locally transmitted cases were linked to Church B 
(B1–B16 and F1). Thorough review of activity maps 
ascertained that F1, who had developed symptoms on 
Jan 29, 2020, and continued to work at Church B while 
ill, was the primary case of the Church B cluster.

In mid-February, epidemiological and clinical evidence 
strongly suggested that A2 was the missing link between 
the clusters at Church A and Church B through attendance 
at the family gathering on Jan 25, 2020, while symptomatic. 
However, by the time this link was ascertained, more than 
3 weeks had passed from symptom onset on Jan 23, 2020, 
and symptoms had resolved completely a week previously, 
on Feb 8–10, 2020. A2 had two negative RT-PCR test 
results from samples taken from the nasopharynx, with 
testing done 1 day apart on Feb 18 and Feb 19, 2020. The 
sample for serological testing was taken on Feb 18, 2020, 
and a positive result was confirmed on Feb 22, 2020.

ELISA results for A2 and A3 on Feb 20, 2020 (figure 3A) 
showed a strong antibody response to the SARS-CoV-2 
RBD protein, which was not seen in serum samples 
from SARS-CoV patients. The results were further 
confirmed by VNT on Feb 22, 2020 (figure 3B).

Discussion
This investigation shows how SARS-CoV-2 serological 
analysis (ELISA detecting IgG and VNT detecting 

neutralising antibodies), in addition to use of traditional 
epidemiological methods, was important in establishing 
links among locally transmitted COVID-19 cases and 
tracing the transmission chain to an imported source. 
Detection of COVID-19 can be difficult because of the non-
specific mild respiratory symptoms in many affected 
individuals and because some people might recover 
without being diagnosed.9 Although PCR tests offer a rapid 
diagnostic solution, they can only detect SARS-CoV-2 
during the period of viral shedding, which is the acute 
phase of infection. The duration of viral shedding for 
COVID-19 is not certain,10 but SARS-CoV data indicate that 
21 days after symptom onset, 53% of cases achieved viral 
clearance in nasopharyngeal aspirate samples.11 As such, 
PCR testing alone is limited by its ability to detect 
convalescent cases.

Serological testing can be especially useful in detecting 
a previous suspected infection in people who have 
recovered. For seroconversion kinetics, past coronavirus 
studies indicate that all patients with Middle East 
respiratory syndrome (MERS) seroconverted 3 weeks 
after symptoms started,12 and 93% of patients with severe 
acute respiratory syndrome (SARS) seroconverted at 
an average of 20 days from symptom onset.11 The first 
preliminary analysis of SARS-CoV-2 IgM and IgG 
indicated that the antibody response in COVID-19 
patients is similar to, if not earlier than, these times.13 
Cross-reactivity of immunoglobulins to closely related 
viruses such as SARS-CoV is a potential issue,14 but our 

Figure 3: Serological testing of two patients
(A) ELISA testing using SARS-CoV-2 NP and RBD antigens. In addition to serum samples from the two suspected cases (A2 and A3), known positive samples for 
COVID-19 and SARS, and negative samples, were included in the testing, and serial dilutions were done. (B) VNT results at the highest dilution that could effectively 
neutralise the SARS-CoV-2 infection. COVID-19=coronavirus disease 2019. NP=nucleocapsid protein. RBD=receptor binding domain. SARS=severe acute respiratory 
syndrome. SARS-CoV-2=severe acute respiratory syndrome coronavirus 2. VNT=virus neutralisation test.
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RBD-based ELISA showed sufficient differentiation 
power, a finding further supported by VNT results.

IgM serological testing might hold promise as 
a diagnostic method, although for SARS and MERS, limi
tations for its use have been noted.12,13 For MERS, IgM was 
not detected earlier than IgG, and IgM against prevalent 
human coronaviruses showed cross-reactivity.12 Pre
liminary data for SARS-CoV-2 IgM are promising,13 but 
more work is needed to assess the feasibility of IgM 
serological analysis as a rapid diagnostic method to 
enhance COVID-19 detection capabilities.

For most people in the three clusters we report here, 
transmission of infection was accounted for by close 
contact with a symptomatic case. Our findings suggest 
that COVID-19 is largely transmitted by close contact, 
particularly when contact occurs over a prolonged period 
and in close congregation. Two churches were the 
setting for COVID-19 transmission in our report. 
A church cluster has also been reported in South Korea.15 
Churches host prolonged repeated activities, during 
which close contact occurs, thus providing the oppor
tunity for disease spread through droplets or fomites. 
Singing (a common practice in churches) can generate 
droplets in a similar quantity to coughing.16,17 Repeated 
social interactions of church groups has also facilitated 
discovery of transmission, compared with other settings 
in which people might not know each other. The inter
actions are similar in nature to large family gatherings, 
which other cases in our report were linked to. Other 
similar settings include school and workplaces, in which 
respiratory disease transmission is not uncommon and 
should be the focus for preparedness, surveillance, and 
containment measures.

Risk of transmission could be reduced if symptomatic 
people do not attend events in which prolonged social 
interactions take place (eg, at the family gathering when 
A2 was unwell, and F1 who continued to work at 
Church B while unwell). Other risk reduction measures 
could include having smaller group activities and 
prevention of interactions across these groups. Moreover, 
there may be common touchpoints within each setting 
that could result in contact transmission. To prevent 
transmission, people should practice increased personal 
hygiene and reduce physical contact to minimise indirect 
transmission risks.

Linking disease transmission to an imported source 
and contact tracing for each identified case has facilitated 
a high capture of cases in Singapore. This successful 
linking of a large proportion of cases to imported sources 
provides encouraging evidence that the intense contain
ment measures undertaken in Singapore have been 
effective. The three clusters we report here occurred 
relatively early in the emergence of COVID-19 in 
Singapore, within 4 weeks of the first imported case. 
As the epidemic continues, it might be progressively 
difficult to establish linkages by relying on traditional 
epidemiological methods alone. Challenges include 

difficulty in obtaining information from cases and 
contacts, which could be inaccurate because of recall and 
other biases. In our investigation, information for 
symptom onset of W1 and W2 was based on case history 
alone and could not be independently corroborated.5 
In such instances, determining the transmission chain 
would have to account for possible inconsistencies in 
case history and rely on triangulation with other methods. 
The development and adoption of additional laboratory 
techniques, such as serological tests and phylogenetic 
analysis by whole-genome sequencing, could help 
identify possible links between cases.

Serological testing is a key method in the response to 
the COVID-19 epidemic. As shown in our study, it enabled 
detection of a convalescent case, which could be key in 
initial containment efforts to discover transmission links 
to support containment efforts. Serological testing also 
detects people with mild or asymptomatic disease who 
have recovered, allowing for more accurate determination 
of the number of people probably infected in a cluster or 
the population. Identifying people who were probably 
infected in household or school clusters could help 
ascertain attack rates by age, particularly among children 
who mostly manifest less severe disease.18 Calculating 
population-level attack rates is also important to estimate 
disease incidence and the case-fatality rate (CFR). Thus 
far, the CFR for COVID-19 has been based on PCR-
diagnosed symptomatic cases. Serological surveys would 
be important to estimate CFR more accurately and would 
better inform calibrated responses to COVID-19. As the 
pandemic progresses, monitoring seroprevalence would 
enable countries to track transmission dynamics and 
population immunity levels and to inform disease 
control policies. Such monitoring would necessitate the 
development of ready serological testing solutions that are 
cost-effective and the establishment of population-level 
surveillance programmes to obtain blood samples.

Development and application of serological assays 
has helped to unravel connections between three 
clusters of COVID-19 in Singapore, linking the disease 
to two travellers from China. Serological assays should 
be considered to identify mild or subclinical infections 
in the community.
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